Context. The knowledge of isotopic and elemental abundances of the pristine solar system material provides a fundamental test of galactic chemical evolution models, while the composition of the solar photosphere is a reference pattern to understand stellar abundances. However, spectroscopic or meteoritic abundance determinations are only possible for an incomplete sample of the 83 elements detected in the solar system. Therefore, only relative abundances are experimentally determined, with respect to H or to Si for spectroscopic or meteoritic measurements, respectively. For this reason, the available compilations of solar abundances are obtained by combining spectroscopic and meteoritic determinations, a procedure requiring the knowledge of the chemical modification occurred in the solar photosphere. Aims. We provide a method to derive the mass fractions of all the 83 elements (and their most abundant isotopes) in the early solar system material and in the present-day solar surface. Methods. By computing a solar model, we investigate physical processes responsible for the variation of the solar surface composition in last 4.75 Gyr. An extended network, from H to U, is coupled to our stellar evolutionary code. The effects of microscopic diffusion, rotational-induced mixing in the tachocline and radiative acceleration are discussed. Results. The abundances of all the 83 elements are given for both the pristine solar system and the solar photosphere. Calculations are repeated by adopting the most widely adopted compilations of solar abundances. Since for a given [Fe/H], the total metallicity depends on (Z/X) ⊙ , a 30% reduction of Z is found when passing from the classical Anders & Grevesse to the most recent Lodders compilation. Some implications are discussed, as, in particular, an increase of about 700 Myr of the estimated age of Globular Clusters. Conclusions. Within the experimental errors, the complete set of relative solar abundances, as obtained by combining meteoritic and photospheric measurements, are consistent with the variations implied by the quoted physical processes. Few deviations can be easily attributed to the decay of long-lived radioactive isotopes. The huge lithium depletion is only partially explained by introducing a rotational-induced mixing in the tachocline.
Introduction
The Sun is the only star for which a full set of elemental abundances is available. For this reason, its composition represents the reference framework for the abundance analyses in Astrophysics. In the standard spectroscopic notation, abundances are given with respect to the solar composition (e.g. [Fe/H] = log (X Fe /X H ) − log (X Fe /X H ) ⊙ ). Then, according to a widely accepted procedure, the abundances of the various elements are obtained by re-scaling the solar composition: a trace element (usually iron) is used to determine the scaling factor, which is applied to all the other elements, except H and He. Thus, the distribution of heavy elements in the Sun is assumed as a sort of cosmic composition. Such a scenario obviously contrasts with many theoretical and observational evidences. We know that the distribution of heavy elements in the interstellar medium changes with time, as a consequence of the pollution caused by different generation of stars. The case of the enhancement of the α elements (O, Ne, Mg, Si, S, Ca, Ti) in the galactic halo, where [α/Fe] ∼ 0.3 − 0.6, represents a well known example of a deviation from the scaled-solar composition. A similar overabundance, also shown by the r-process elements, like Europium, is interpreted as an evidence of the fact Send offprint requests to: L. Piersanti that the early Galaxy, unlike the pre-solar nebulae, was mainly polluted by massive stars. Notwithstanding these limitations, the solar composition remains an important test for models of galactic chemical evolution. Indeed, it represents a typical pattern for the evolved galactic composition, like the one shown by disk stars.
Abundances of all the 83 elements found in nature have been obtained from various components of the solar system, like Earth, Moon, planets, comets, meteorites, solar wind, solar corona and, obviously, solar photosphere. For some elements, abundances in several solar system environments are available, whilst others can be measured just in one component. For example, heavy elements abundances are generally best measured in meteorites. On the contrary, H and other volatile elements (like C, N, O) are strongly depleted in meteorites and their abundances are typically derived from solar spectra. In some cases, as for the noble gases Ne and Ar, poor information can be found both in meteorites and in the solar photosphere, so that their abundances are derived from high energy spectra of the hot solar corona or from the solar wind. Finally, the abundances of Kr and Xe can not be directly measured and they are usually estimated by means of nucleosynthesis models.
Thus, the data set obtained from a single solar-system component is incomplete, i.e. it only includes a subsample of the 83 elements existing in the solar system. For this reason, only rel-ative abundances 1 can be obtained (see Section 2). Moreover, a great caution should be used when these relative abundances, as collected from different solar system environments, are combined to obtain a complete compilation. As a matter of fact, changes with respect to the pristine composition have been produced by different physical processes (Anders & Grevesse 1989; Grevesse & Noels 1993; Grevesse & Sauval 1998; Lodders 2003; Palme & Jones 2004) . For example, melting or crystallization could have produced a certain differentiation on planets and minor bodies. In this context, among the various meteoritic phases, CI carbonaceous chondrites represent the best primitive sample of the solar system composition. On the contrary, the composition of the solar photosphere has been substantially modified since the epoch of the solar system formation. Indeed, the solar surface is at the top of a deep convective region, which penetrates for about 30% of the stellar radius. At the base of this region, where the temperature attains ∼ 2 · 10 6 K, light isotopes (e.g. D or Li) are burned via proton captures. It should be noted that the temperatures experienced within the convective layer of the Sun were even larger in the past 4.5 Gyr (up to 3 ÷ 4 · 10 6 K during the pre-Main Sequence). In addition, other phenomena, such as mass loss, eventually coupled with the external convection, may have contributed to the variation of the surface composition of the Sun. Indeed, the He abundance derived from the inversion of helioseismic data (Y ⊙ = 0.2485 ± 0.034 - Basu & Antia 2004 ) can be only explained by invoking gravitational settling or, more in general, microscopic diffusion. Note that diffusion affects the whole chemical pattern. In particular, the abundances of all the isotopes more massive than A = 12 are depleted at the solar surface (∼ -10% with respect to the original composition), whilst the mass fraction of H increases (about +5%). For this reason, photospheric abundances, usually expressed relative to H, cannot represent the original composition of the solar system. This occurrence should be carefully taken into account, especially for those elements whose abundances are almost exclusively measured in the solar photosphere (e.g. C, N, O and noble gases). Note that these elements represent about 50% of the total metallicity (Z).
In principle, a comparison between photospheric and meteoritic abundances could provide a direct evidence of the possible chemical modifications occurred at the solar surface during the last 4.5 Gyr. Such a comparison reveals a general agreement between photospheric and meteoritic (CI chondrites) relative abundances. In particular, according to Palme & Jones (2004) , the quantity (n(el)/n(Si)) PH / (n(el)/n(Si)) CI 2 averaged for 34 elements with spectroscopic uncertainty smaller than 25% is 1.004 ± 0.022 3 . The similarity of meteoritic and photospheric relative abundances does not necessarily imply that the absolute abundances have been maintained unchanged at the solar surface. Nonetheless, this occurrence represents an important constraint to the physical processes affecting the chemical composition of the outer layer of the Sun. For instance, these processes must preserve the abundance ratios, at least within the experimental errors. The most clear deviation from this rule is represented by lithium, whose abundance relative to Si is about 2 order of mag-nitude larger in meteorites than at the solar photosphere. Such a strong depletion of the photospheric Li is considered an evidence for nuclear burning (mainly via p-captures) occurred at the bottom of the solar convective envelope or immediately below it (D'Antona & Mazzitelli 1984; Pinsonneault et al. 1989) . Note that, since p-captures rates are significantly different from one isotope to another, they represent a typical example of physical process not preserving the relative abundances.
In this paper, on the base of up to date Standard Solar Models (SSMs), we discuss the modifications occurred at the solar photosphere, since the pre-Main Sequence phase. We will show, in particular, that in SSMs where the modification of the surface composition is only caused by convective mixing and microscopic diffusion, relative abundances among heavy elements are preserved, with only few exceptions, and, therefore, they fulfill the constraints imposed by the comparison between meteoritic and photospheric relative abundances of the best measured refractory elements.
Note, however, that in many astrophysical applications and, in particular, in the calculation of stellar models, absolute, rather than relative, abundances are required, but there is no way to derive the solar absolute composition on the base of the available measurements only. Forgetting, for a while, the differences in the chemical composition of the various solar system components and adopting a compilation obtained by combining different data sources, one may obtain a partial solution of this problem. The mass fraction of He (Y) of the present-day-solar photosphere can indeed be independently estimated according to helioseismic measurements. Then, the detailed absolute composition of the surface layers of the present Sun could be obtained by deriving the hydrogen mass fraction (X) from the relation X + Y + Z = Y + (1 + Z/X) · X = 1, where Z/X is known from the compilation of relative abundances. However, also in this case, the composition of the pristine solar system would remain undetermined. This problem can be solved by using a stellar evolution code to describe the past solar evolution. In this way, we are able to distinguish between present-day solar (photospheric) abundances and the composition of the pre-solar nebula. The photospheric abundances should be used to derive the composition of stars when, as usual, the results of abundance analyses are given relative to the Sun. At the same time, pristine abundances should be used to constrain the chemical evolution of the Galaxy.
Let us remark that our goal is the definition of a standard procedure for the derivation of the absolute composition of the Sun and the early Solar System. Since a critical analysis of the reliability of the available solar composition measurements is far from our expertise, we have repeated the derivation of the absolute abundances adopting the most used data sets. The main implications for various astrophysical problems requiring the knowledge of the solar composition will be discussed in Section 5. We do not address the largely debated question concerning the reliability of standard solar models. The reader can easily find in the recent literature a large number of papers on this issue (e.g. Bahcall, Serenelli & Pinsonneault 2004; Bahcall et al. 2005 , and references therein).
Solar and Solar System Abundances
Solar (photospheric) abundances, as derived from spectroscopic analysis, are usually expressed in a logarithmic scale relative to hydrogen:
In this scale the hydrogen abundance is set, by definition, to ε(H) = 12. The elemental abundances of the pristine solar system material, mainly from CI carbonaceous chondrites, are usually given relative to silicon, whose abundance is fixed to 10 6 atoms:
The solar and the solar system abundance scales are referred as astronomical and cosmochemical scales, respectively. As recalled in the Introduction, they are both incomplete, so that the available compilations of solar chemical abundances necessarily contain data from different sources. Following a commonly adopted procedure, the meteoritic abundances are "translated" from the cosmochemical into the astronomical scale by means of the following relation:
Here the re-scaling factor R is obtained by inverting Eq. (3) for silicon, whose abundances in the cosmochemical and in the astronomical scales are firmly measured (Lodders 2003) , or by taking an average value over a selection of few elements detectable both in meteorites and in the solar photosphere (e.g. Cameron 1973 Cameron , 1982 Grevesse 1984; Anders & Grevesse 1989; Palme & Beer 1993) . Such a procedure was firstly proposed by Suess & Urey (1956) , according to the pioneer work of Clarke (1889), and it was based on the implicit assumption of the existence of a unique cosmochemical pattern. As recalled in the Introduction, we know that this statement is not correct. Note, however, that the re-mapping procedure remains correct, provided that the evolution of the surface composition of the Sun preserves the relative abundance ratios. In this case, by summing and subtracting log n(Si) · 10 6 from the right side of Eq. (1), one obtains:
Then, by using the definition of N(el) in Eq. (2) and putting R = log n(Si) n(H) + 6, we can recognize that the last equation coincides with Eq. (3). Therefore, if the evolution of the Sun preserves the ratios n(el)/n(Si), the same (photospheric) abundance ε(el) can be obtained by using the definition in Eq. (1) or in Eq. (3).
In order to avoid an easy miss-interpretation, we have to keep in mind the previous considerations in the practical use of the abundance compilations obtained by combining photospheric and meteoritic data. In particular, the most frequent misunderstanding concerns the comparison between the values of ε(el) obtained from spectroscopy (astronomical scale, as defined by Eq. (1)) and those obtained by re-mapping the cosmochemical into the astronomical scale according to Eq. (3). The similarity of the two scales is often interpreted as a problem for SSMs including microscopic diffusion, because they imply a depletion of the heavy elements at the solar photosphere (see e.g. Grevesse & Sauval 1998) . Such a conclusion has been questioned by Lodders (2003) by observing that microscopic diffusion could have affected by the same amount the abundances of heavy elements, so that the relative ratios would be preserved. In the following, we will demonstrate that this is the case.
If the isotopic, rather than the elemental, composition is needed, further difficulties should be considered. In some cases, precise isotopic ratios can be obtained for meteorites, but their spectroscopic determination is limited by the small isotopic shift of the atomic lines relative to their width. For this reason, the standard procedure makes large use of the very precise terrestrial values, as provided by the IUPAC facility, although they are representative of "the chemical materials encountered in the laboratory" not necessarily of "the most abundant natural material" (Anders & Grevesse 1989 ; see also Lodders 2003) .
Standard Solar Model
In order to investigate the change of the solar surface composition induced by different physical processes and to derive the absolute compositions of the solar photosphere and of the solar system, we make use of a Standard Solar Model. We have simulated the evolution of the Sun, from the pre-Main Sequence to the present day, by using the FRANEC evolutionary code (Chieffi, Limongi & Straniero 1998) .
Input physics
An extended nuclear network, including all the elements from H to U, has been adopted. For each element, the evolution of all stable and some long-lived isotopes have been explicitly followed (286 isotopes in all). Reaction rates of relevant strong interactions are generally taken from the NACRE compilation (Angulo et al. 1999) with few important exception. The 14 N(p, γ) 16 O rate is computed according to Formicola et al. (2004) , while the D(p, γ)
3 He is derived from Casella et al. (2002) . β-decay rates are taken from Oda et al. (1994) for T > 10 7 K, while for lower temperature the terrestrial values are assumed. The only exception is the β + rate of 26 Al → 26 Mg, which is derived from Coc et al. (2000) . The cross section for the e-capture on 7 Be has been derived from Caughlan & Fowler (1988) .
Electron screenings are evaluated according to and Graboske et al. (1973) , for the weak and intermediate regimes, and to Itoh, Totsuji & Ichimaru (1977) and Itoh et al. (1979) , for the strong one.
Microscopic diffusion of each isotopes is taken into account by inverting the coupled set of Burgers equations (Thoul, Bahcall & Loeb, 1994) . In the evaluation of the Coulomb logarithm, full ionization has been assumed. This approach, which may be considered as "standard" in the computation of SSMs (see Bahcall, Serenelli & Pinsonneault 2004 , and references therein), presents some limitations. Indeed, the ionization degree of the various species should be taken into account when computing the diffusion coefficients in the most external layers of the star. In practice, the larger the ionization, the larger the Coulomb cross section and, in turn, the smaller the diffusion coefficient. Since the Sun presents a rather deep external convective envelope, the degree of ionization of the various chemical species should be carefully evaluated at the bottom of this zone. Another process often neglected is the acceleration caused by the net transfer of momentum from the outcoming photon flux to nuclei and electrons. This process acts opposite to the gravitational settling on heavy elements. The effect of all these processes on SSMs have been properly studied by Turcotte et al. (1998) . They computed the fraction of momentum transported by radiation that is absorbed by the different chemical species. They also took into account the partial ionization in the computation of diffusion coefficients. According to their results, the radiative acceleration largely compensates the increase of the diffusion efficiency due to partial ionization of the various isotopes. The combined effect of these two processes is a variation of the average diffusion efficiency of about 10% with respect the one obtained by neglecting the radiative acceleration and assuming fully ionized matter. Turcotte and co-workers also showed that the Rosseland mean opacity calculated by interpolating on tables of various Z, but the same heavy elements distribution, can not be distinguished from that properly computed by taking into account the variation of the relative abundances due to all these processes. Comforted by the results of Turcotte et al. (1998) , in the present work we do not account for these "non-standard" effects, even if a more precise evaluation of the absolute solar composition would require their proper inclusion in the computation of SSMs. In particular, since the degree of ionization changes from one nucleus to another, it should be carefully verified that these processes, whose efficiency depends on the effective charge, do not alter the abundance ratios of the 34 elements for which a very good agreement between the astronomical and the cosmochemical scales have been found. We will further comment this point in Section 4.1.
The borders of the convective unstable zones have been evaluated by means of the Schwartzschildt criterion. In these layers, the temperature gradient is calculated by means of the mixing length theory (Cox & Giuli, 1968) . As usual, the ratio of the mixing length and the pressure scale height is one of the three free parameters of the SSM (see the next section).
The equation of state (EOS) for T > 10 6 K is an improved version of the one described by Straniero (1988) (see Prada Moroni & Straniero 2002) . At lower temperature, a Saha equation has been used to derive the population of the various ionization states and of the fractions of H molecules (H 2 and H − ). More accurate equations of state, such as the OPAL (Rogers, Swenson & Iglesias 1996) and the MHD (Mihalas et al. 1990 , and references therein), may provide a better description of the thermodynamical quantities needed to calculate a SSM, but they do not cover the full range of temperature and density experienced by the core of off-Main Sequence stars. For this reason we prefer our EOS to those commonly adopted by the solar community. A comparison of the SSM computed with our EOS and the one obtained by adopting the OPAL EOS is discussed in the next section.
We have repeated the calculation of the SSM by changing the adopted compilation of relative solar abundances, namely:
1. AG89: Anders & Grevesse (1989) ; 2. GN93: Grevesse & Noels (1993) ; 3. GS98: Grevesse & Sauval (1998); 4. Lo03: Lodders (2003) .
The main differences among these compilations concern the abundances of carbon, nitrogen, oxygen, neon and argon. We choose these four compilations because they are considered fundamental steps toward our comprehension of the cosmic composition. AG89 mixture is a complete and systematic analysis of chemical abundances of the various solar system components and it is widely considered the reference framework for studies of chemical evolution of the Galaxy. The GN93 compilation has been extensively used in the past to compute stellar models (Straniero, Chieffi & Limongi 1997; Bono et al. 1997; Salaris, degl'Innocenti & Weiss 1997; Pols et al. 1998; Girardi & Bertelli 1998; Dominguez et al. 1999; Charbonnel et al. 1999; Bono et al. 2000; Maeder & Meynet 2001) , mainly because the opacity tables provided by the OPAL group (Rogers & Iglesias 1992; were originally computed assuming this distribution of heavy elements. The GS98 compilation represents the last upgrade of the series started by Anders & Grevesse (1989) and it has been adopted in computing the most recent large database of stellar evolutionary tracks and isochrones, (e.g. Kim et al. 2002; Pietrinferni et al. 2004 ). Finally, the Lo03 distribution of heavy elements is representative of the most recent analysis of carbon, nitrogen, oxygen, neon and argon abundances as derived by means of 3D-atmospheric models (Asplund et al. , 2004 Asplund 2000; Allende Prieto, Lambert & Asplund 2001 , 2002 .
For each set of solar abundances, tables of radiative opacity have been derived by means of the web facility provided by the OPAL group (http://www-phys.llnl.gov/Research/OPAL/opal.html). These opacity tables extend down to log T = 3.75 and are suitable for the calculation of Main Sequence models of a 1 M ⊙ star. However, additional low temperature opacities are needed to calculate the cooler pre-Main Sequence models. In this case, we use the tables provided by Alexander & Ferguson (1994) for a fixed composition (GN93). Note that, since the use of these low temperature opacities is limited to pre-Main Sequence models, it does not significantly affect our prediction concerning the composition of the present Sun. The opacity change caused by the variation of the internal chemical composition, as due to nuclear burning, convective mixing and microscopic diffusion, has been taken into account by interpolating between tables with different Z and Y (for a description of the numerical procedure adopted to interpolate opacity tables see next subsection).
SSM check
For each set of relative abundances, we vary the initial metallicity (Z in ), the helium mass fraction (Y in ) and the value of the α parameter (the ratio between mixing length and pressure scale height), until the best reproduction of the present-day values of the solar radius (R ⊙ ), luminosity (L ⊙ ) and (Z/X) ⊙ is obtained. The initial composition (n i , i = 1, . . . , 83) is calculated by inverting Eq. (1), where n(H) = (1−Y in −Z in ), while ε(el) are taken from one of the adopted compilations of relative abundances.
For the solar luminosity, radius, mass and age we adopt L ⊙ = 3.844 · 10 33 erg s −1 , R ⊙ = 6.951 · 10 10 cm, M ⊙ = 1.989 · 10 33 g and t = 4.57 · 10 9 yr, respectively. (Z/X) ⊙ is obviously different for the four set of solar relative abundances, namely: 0.02668 (AG89), 0.02439 (GN93), 0.02292 (GS98) and 0.01763 (Lo03). The mass is maintained constant.
In order to investigate the reliability of our input physics we have performed several calculations by varying both the interpolation on the tables of opacity coefficients and the equation of state and comparing the resulting sound-speed profile with that inferred from the GOLF+MDI data (Lazrek et al. 1997; Kosovichev et al. 1997) .
The best interpolation method can not be easily fixed according to mathematical or physical arguments. Then, we have directly evaluated the influence of this interpolation on the SSM. The different numerical schemes we have considered are listed below:
−6 /T , T and Y and linear interpolation in Z; -K1: OPACGN93.F routine provided by the OPAL group. Such a routine performs an "interpolation between overlapping quadratics" in order to obtain a smoothed opacity; -K2: cubic interpolation of log(κ) in log(R) and T and a linear interpolation of κ in Y and Z; -K3: cubic interpolation of log(κ) in R, T and Y and a linear interpolation of κ in Z.
The results are summarized in Fig. 1 , where we report the difference of the sound-speed inferred from the GOLF+MDI data (Lazrek et al. 1997; Kosovichev et al. 1997 ) and the various test-models. In Tab. 1 we list some relevant quantities for the same models in Fig. 1 . All these SSM where computed by using the GN93 compilation of solar abundances. The position of the inner border of the solar convective envelope changes by changing the interpolation scheme. For the particular set of SSM in Tab. 1, the variation of R CE is one order of magnitude larger than the statistical error of the helioseismic data (∆R CE = 0.001R ⊙ -see Basu & Antia 2004 , and references therein). The run of the sound-speed is particularly sensitive to the adopted opacity interpolation in the intermediate region, up to the base of the convective envelope (0.3 ≤ R/R ⊙ ≤ 0.72). In the following we will adopt the K0 interpolation scheme.
To check the reliability of the adopted EOS, we have computed an additional SSM by using the K0 interpolation and the OPAL EOS 2005 (http://www-phys.llnl.gov/Research/OPAL/EOS 2005/). The original routine provided by OPAL has been used to interpolate on the EOS tables. The sound-speed difference between the experimental data and this SSM is shown in Fig. 2 . In the same figure, we also report the same quantity for the K0 model of Fig. 1 and for the SSM by Bahcall, Basu & Pinsonneault (1998) . All the 3 models provide a good reproduction of the measured sound-speed, the deviation being confined within ±0.002, with the exception of the well known discrepancy at the base of the external convective zone. As expected, in the most external zone, the EOS 2005 provides a better evaluation of the thermodynamical quantities as compared to the Saha equation. Note that the SSMs computed with the Saha EOS require a rather large value of α, i.e. the mixing length parameter. As a whole, the model obtained with our EOS (K0) provides a reasonable reproduction of the present Sun, at least comparable to the one obtained with the OPAL EOS (see Tab. 1).
In Tab. 2 we summarize the main features of the SSMs computed by adopting the four compilation of solar abundances described in the previous section. The most important difference is the variation of the initial (pre-solar) metallicity (Z in ), which decreases from Z = 0.02177 (AG89) to 0.01487 (Lo03). The most recent compilation of solar abundances also implies a lower initial abundance of He (Y in in Tab. 2), namely Y in =0.2776 (AG89) and 0.2674 (Lo03).
The simultaneous reduction of Z in and Y in leaves almost unchanged the ratio ∆Y/∆Z. Indeed, by taking Y = 0.245 for the cosmological He (Spergel et al. 2003) , one gets ∆Y/∆Z ∼ 1.5 for both AG89 and Lo03. This value is definitely lower then that derived from H ii regions and planetary nebulae (see Esteban & Peimbert 1995) .
Nevertheless, these differences in Z and Y affect the opacity and, in turn, the internal temperature profile and the stellar radius. In this context, the reduction of the metallicity is partially counterbalanced by the reduction of the He content. The combined effect is a net reduction of the opacity, when passing from AG89 to Lo03. This reduction is about 7% near the base of the convective envelope (Bahcall, Serenelli & Pinsonneault 2004) . As a consequence, the external convective zone shrinks (see R CE in Tab. 2). Note that in the Lo03 model, the location of the inner border of the convective envelope is definitely larger than the one derived from the observed frequencies of solar oscillations, namely R CE = 0.7295 to be compared with 0.713 ± 0.001 (Basu & Antia 1997) . In addition, a lower α is required to reproduce the observed solar radius. This occurrence may affect the properties of stellar models that, as usual, adopt a solar calibrated mixing length parameter. We will briefly discuss this point in the final section. Table 2 . Selected quantities for our best SSMs computed by adopting different abundance compilations: the value of the radius at the base of the convective envelope (R CE ), the mass extension of the convective envelope (∆M CE ), the temperature (T CE ) and density (ρ CE ) at the base of the convective envelope, the value of the mixing length parameter α, the central value of temperature (T c ) and density (ρ c ), hydrogen (X c ) and helium (Y c ) abundances at the center (by mass fraction), the current-age photospheric (Z/X), X, Y and Z and their initial values (see text). 
Proto-solar vs. Solar Abundances
In this section we illustrate the procedure followed to evaluate the mass fractions of isotopes and elements at the photosphere of the present Sun as well as in the early-solar-system material. First of all let us assume that:
where the suffixes "⊙" and "CI" refer to the solar photosphere and the pristine material (CI carbonaceous chondrites), respectively. This is a generalization of the assumption already made to translate the cosmochemical into the astronomical scale (see Eq. (3), where j = 14, the Si atomic number). Eq. (5) has been proved for most of the elements whose abundances can be derived from both meteorites and the solar photosphere, with the unique clear exception of lithium. However, since the Li abundance is small compared to the total metallicity, its deviation from this general rule does not affect our estimation of the absolute abundances of other elements. Thus, let us extend the validity of Eq. (5) to all the elements, H and He excluded. 4 , the previous relation can be re-written as:
Here we are assuming that the isotopic ratios remains (almost) unchanged over the solar system lifetime, so that
. For a few elements with radioactive isotopes whose decay time is comparable to the solar age (see next section), this assumption is not correct. Also in this case, since their abundances are small compared to the total metallicity and their impact on the SSM is negligible, we can correct their early solar system abundances, without affecting the evaluation of the abundances of the other elements. Then, by summing over the index k, we obtain Z/x j 5 and dividing Eq.( 6) by this quantity, it follows:
In other words, the mass fraction of a given element in the solar photosphere and the corresponding one in the early solar system material scale as the ratio Z ⊙ /Z in . Hence, we can invert Eq. (1) to find the following set of equations:
where X is the hydrogen mass fraction. If X would be known, the mass fractions of all the elements could be derived from these equations, but, unfortunately, it can not be directly measured at the solar photosphere. Note that, since we have used the astronomical scale, this equation can only be applied to the photospheric abundances. A more general relation, valid for any scaled solar composition, can be determined by summing all the Eqs. (8), thus obtaining:
Then, dividing Eqs. (8) by Eq. (9) we find:
Remembering our basic assumption, as expressed in Eq. (7), this formula can be used to calculate the early solar system composition, once the value of Z in is known. The same formula can be used to derive the absolute abundances of any star having a scaled-solar composition, once its metallicity (Z) is given.
In practice, we start with a tentative set of Z in , Y in and α. Then, by means of the Eqs. (10) and by taking terrestrial ratios among isotopes of the same element (but applying appropriate corrections to the radioactive isotopes), we calculate the initial mass fraction of all the 286 isotopes and we compute a first evolutionary sequence up to the solar age. Then, the initial values of Z, Y and α are corrected and the procedure is iterated, 4 x j is the mass fraction of the j th element and A j is the corresponding average atomic mass. For each element, this average can be calculated by means of the terrestrial isotopic ratios provided by IUPAC. 5 Here Z represents the total metallicity. until a good reproduction of R ⊙ , L ⊙ and (Z/X) ⊙ is simultaneously obtained 6 . Note that, for the initial composition, we generally choose meteoritic (CI) relative abundances, if available. For this reason, we obtain (Z/X) ⊙ values that are slightly different from those quoted in the original papers reporting the four solar abundance compilations, where somewhat different choices are adopted.
In Tab. 3 we list the isotopic composition of selected elements (initial and present-day) for the four SSMs. In the same table we also report the corresponding depletion efficiency δ = 100 · (1 − X ⊙ /X in ). In Tab. 4 we report, for the four SSMs, the initial mass fraction, the present-day mass fraction, the ratio P = (n(el)/n(Si)) in / (n(el)/n(Si)) ⊙ and the R parameter, for the 22 elements whose isotopic composition is reported in Tab. 3 7 . Now, we can check the consistency of our basic assumption, that is: the evolution of the solar surface composition has occurred preserving the abundance ratios of heavy elements.
Fig. 4.
Depletion efficiency δ = 100 · (1 − X ⊙ /X in ) as a function of the atomic number Z for all the isotopes with Z ≥ 6. Each panel refers to a different abundance compilation, as labeled (see text). We omit the value corresponding to β-unstable isotopes, except that of the 190 Pt (Z=78).
Z ≥ 6
Owing to the rather fast mixing induced by convection, the composition within the most external 30% of the solar radius is maintained homogeneous. Thus, the photospheric composition changes mainly due to processes occurring at the base of the convective envelope. Concerning elements with Z ≥ 6, they are not affected by nuclear burning, because the temperature within this convective layer never exceeds few millions of K (see the middle panel in Fig. 3) , not enough for p-capture to occur on these elements. As a consequence the variation of their surface abundances is only determined by microscopic diffusion occurring at the base of the convective envelope. Let us start discussing the SSM computed by adopting the AG89 mixture. An inspection of Tab. 3 reveals that the depletion efficiency of the various isotopes ranges from 9.7 to 10.7. By considering different isotopes of the same element (e.g. 12 C and 13 C or 20 Ne and 22 Ne) it results that the higher the atomic weight, the larger the depletion efficiency (see Fig. 4 ). A simple argument may explain this feature. Heavy nuclei, at the inner border of the solar convective envelope, move downward against the buoyancy, which is proportional to their weight A, and are decelerated by the scattering with the surrounding charge particles, which depends on the atomic number Z (we assume full ionization). Thus, the diffusion efficiency is expected to roughly scale as A/Z. Such an argument also explains why heavier isotopes of the same element are more efficiently depleted than the lighter ones. Note that the minimum depletion occurs around 40 Ca (see Fig. 4 ). Indeed, stable nuclei with A > 40 are progressively more neutronized, so that the ratio A/Z becomes systematically larger.
From the data reported in Tab. 4, we obtain ratios of the initial to present-day relative abundances very close to 1, the average value being P = 1.003 ± 0.004. The corresponding average value of R is 1.552 ± 0.002 8 , in excellent agreement with its experimental determination, namely R = 1.556 ± 0.008 (Palme & Jones, 2004 In particular, the average isotopic diffusion efficiency is 9.98, 10.09, 10.18, 10.91 for AG89, GN93, GS98 and Lo03, respectively, with a rather small dispersion (∼ ±0.8). The differences of the average diffusion efficiency between various SSMs can be explained simply observing that such a quantity depends on R 2 CE . Indeed, the larger R CE , the larger the spherical surface from which heavy elements within the convective envelope are diffused downward.
If the effects of partial ionization on microscopic diffusion and radiative acceleration were simultaneously taken into account, a slightly larger depletion efficiency of metal would be obtained. According to Turcotte et al (1998) , the increase of the depletion efficiency is less than 10% (see their Fig. 14) . Since both these processes depend on the degree of ionization that is different from one nucleus to another, the scatter of the depletions is expected to increase. On the base of the calculations of Turcotte and co-workers, it turns out that the average values of P and R should remain almost unaffected, while the dispersions should become about 50% larger, but in any case, within the experimental error bars.
Light isotopes (3 < Z < 6)
All the computed SSMs predict a stronger surface depletion for light elements compared to that of the heavy ones. In particular, the ratios n(light el)/n(Si) is not conserved. Concerning beryllium and boron, such an occurrence can be explained noting that the most abundant isotopes, 9 Be and 11 B, have large A/Z values. In any case, the initial to final abundance ratio is consistent with the corresponding meteoritic to spectroscopic abundance ratio.
On the other hand, the evolution of the solar lithium is one of the most debated problems in stellar modeling. During the past 4.5 Gyr, both 6 Li and 7 Li suffered p-captures at the base of the convective external layer. Hence, not only microscopic diffusion, but also nuclear burning contributed to the modification of the photospheric lithium abundance. The major depletion takes place during the pre-Main Sequence, when, leaved the Hayashy track, the solar model develops a convective envelope, whose inner border progressively recedes in mass (see Fig. 3 ). The temperature at this border remains almost constant (T CE ∼ 3.810 6 K), for about 10 7 yr, so that the Li consumption is rather efficient 8 The "errors" on P and R represent the maximum semi dispersion. 9 Such elements have been excluded from the quoted average of P and R. during this phase. When the mass of the convective envelope is reduced down to δM CE ∼ 0.4M ⊙ , T CE starts to decrease. Then, when the solar age is about 2 · 10 7 yr and δM CE ∼ 0.2M ⊙ , the temperature becomes too low and the burning of lithium ceases. During the following Main Sequence evolution, the temperature at the base of the convective envelope always remains too small (in all the four SSMs), so that the nuclear burning is inefficient (at least for 7 Li, the most abundant isotope). Hence, for age greater than 10 8 yr, microscopic diffusion coupled to the convective mixing is the dominant physical process for the lithium depletion. As a result, 6 Li is almost completely destroyed, while the present-day 7 Li is 3 to 5 times smaller than the initial one (see Fig. 5 ). This theoretical result would imply a photospheric value of ε(Li) ranging between 2.86 (AG89) to 3.05 (Lo03), to be compared with the corresponding spectroscopic determination, namely 1.1 ± 0.1 (Carlsson et al. 1994) .
This huge discrepancy represents the longstanding "solar lithium problem", for which no satisfactory explanations have been found up to now. Among the many attempts, it has been suggested that a turbulent mixing would be active at the inner border of the solar convective envelope. Such a process should be driven by the expected discontinuity in the internalrotational-velocity profile of the Sun. Indeed, according to the observation of solar surface oscillations and the relative analysis of the normal modes, it has been derived that a latitudinaldifferential rotation takes place in the convective envelope, while a rigid-body rotation is active in the deep radiative interior (Goode et al. 1991) . Then, there exists a thin layer, the so called tachocline, located just below the convective envelope, where the external-latitudinal-differential rotation smoothly matches onto the internal-uniform rotation. In this case, the resulting mixing does depend only on macroscopic properties of the star, as the local gradient of angular velocity, so that it equally affects all the chemical species. The effect of this mixing on SSM has been studied by Richard et al. (1996) and Brun, Turck-Chièze & Zahn (1999 -hereinafter BTZ99). In these works microscopic diffusion as well as rotational-induced mixing in the radiative Table 5 . Some relevant quantities for models computed by including (GN93-R) and not including (GN93) the rotationalinduced mixing in the tachocline: the value of the radius at the base of the convective envelope (R CE ), the mass extension of the convective envelope (∆M CE ), the temperature (T CE ) and density (ρ CE ) at the base of the convective envelope, the central value of temperature (T c ) and density (ρ c ), the value of the mixing length parameter (α), the current-age photospheric (Z/X), X, Y and Z and their initial values, the depletion efficiency of the total metallicity (δ(Z)), the abundances of the light metals lithium, beryllium and boron at the solar photosphere and the corresponding value of the P parameter (see text). zones are described by means of a diffusion equation. In particular in BTZ99 the diffusion coefficients related to tachocline mixing are computed according to the prescription of Spiegel & Zahn (1992) . The exact value of the tachocline-diffusion coefficient depends on the solar angular velocity at the base of the convective envelope, the solar differential rotation rate, the extension of the tachocline and the horizontal diffusivity.
Following the prescription of BTZ99 we have computed an additional SSM (GN93-R), accounting for mixing in the tachocline. The diffusion coefficients related to such a mixing have been calculated by means of Eqs. (14) and (15) of BTZ99. The evolution of the tachocline thickness has been considered, by assuming that the angular velocity at the base of the convective envelope evolves according to the Skumanich law (Skumanich 1972) and introducing the dependence of the differential rotational rate on the rotation velocity derived by Donahue, Saar & Baliunas (1996) . According to helioseismic measurements (Basu, 1997) , we adopt h = 0.05R ⊙ for the current-age tachocline thickness. As in BTZ99, we assume a Brunt-Väissälä frequency N 2 = 25 µHz and the angular velocity at the base of the solar photosphere Ω = 0.415 µHz.
In Tab. 5 we list some properties of the GN93-R model. The surface isotopic abundances and the P parameters for Li, Be and B are reported too. Owing to the introduction of this extra mixing, the diffusion efficiency of all the isotopes is significantly reduced (about ∼ 35% less). As a consequence, a lower initial Z is required in order to reproduce the present-day Z/X, thus leading to a larger R CE . Moreover, the predicted photospheric abundance of helium increases. As already discussed in BTZ99, the mixing in the tachocline smears off the sharp composition gradient just below the convective envelope, so that the resulting sound-speed profile becomes closer to the one derived from GOLF+MDI data (see Fig. 6 ). However, in the intermediate zone (0.3 ≤ R/R ⊙ ≤ 0.6) the reproduction of the experimental soundspeed is less accurate.
The evolution of the photospheric abundance of 7 Li in GN93 and GN93-R models are compared in Fig. 7 . Note that the tachocline penetrates down to a layer where the temperature is high enough to burn 7 Li but not enough to burn 9 Be, 10 B and 11 B. Nevertheless, the GN93-R SSM is not able to reproduce the observed lithium depletion. Indeed, although the resulting present-day photospheric abundance is substantially smaller than the one predicted by the GN93 model (ε(Li) = 1.75), it is still larger than the observed one.
Similar conclusion was found by BTZ99 (model B t ), even if they obtained a larger lithium depletion that is marginally compatible with the observed value. In any case, the lithium depletion is largely increased when the rotational-induced mixing is included in the computation of SSMs. The exact value of the depletion efficiency depends on the adopted parameters for the mixing in the tachocline and the relevant physical inputs.
The absolute composition of stars
Once the solar composition is known, we can easily derive the absolute abundances in stars by using their spectroscopic determinations. Since these measurements are usually available for few elements only, in most cases just [Fe/H], stellar modelers commonly assume that all the other elements scale as iron. This is not the case of halo stars, for which an enhancement of the α elements (O, Ne, Mg, Si, S, Ca, Ti) with respect to iron is expected. In the following we will present the procedure to be used in these two common cases.
Scaled solar compositions
If, for a given star, we know [Fe/H] and if its composition is scaled-solar, we have:
where the subscript * refers to the star. By summing over the index j, it follows
Being, by definition:
by combining Eq. (12) and Eq. (13), we find:
The last formula can be inverted to obtain the value of Z * corresponding to the measured [Fe/H]: 
if Y * is known 10 . Thus, the mass fraction of any element can be calculated by means of Eq. (10).
Note that both the total metallicity (Z) and the element mass fractions (x j ) depend on (Z/X) ⊙ . For example, if a star have [Fe/H] = −1, its metallicity would be Z = 2.0210 −3 or Z = 1.3410 −3 , depending on what solar composition is adopted, AG89 or Lo03 11 , respectively.
α-enhanced compositions
The distribution of heavy elements in halo stars may differ from a scaled solar composition. The most important difference regards the enhancement, with respect to iron, of the α-elements. According to Salaris, Chieffi & Straniero (1993) , when the overabundance is similar for all the α-elements, the total metallicity becomes:
where Z 0 is the metallicity calculated as in the case of a scaled solar composition (from Eq. (15) or Eq. (16) In Tab. 6 we report the coefficients a and b for the four different abundance compilations.
Also in this case, the metallicity of a given star depends on the adopted solar composition. The variation of Z is mainly due to the variation of (Z/X) ⊙ , while the changes of a and b have negligible consequences. This occurrence has many implications on the current interpretation of the observational data. As an example, Fig. 8 Note that, although the total metallicity changes by a factor of 1.5, the effective temperature of the Main Sequence and of the RGB are only marginally affected. In this case, indeed, the variation of Z is counterbalanced by the corresponding variation of the mixing length parameter. On the other hand, the luminosity of the Turn Off and that of the Subgiant Branch are sensitive to the variation of Z only. When this effect is transported onto the isochrones, it affects the evaluation of the ages of Globular Clusters. By means of an age-metallicity relation (see Imbriani et al. 2004 for an update version), we find that the ages obtained with AG89 are ∼ 700 Myr smaller than those obtained with Lo03.
Summary and final remarks
In this paper we have discussed the procedure to derive the absolute abundances of the solar photosphere, of the early solar system (4.57 Gyr ago) and, in general, of stars, starting from the available data of relative elemental abundances. First of all, we have checked the validity of the fundamental assumption made to derive a complete set of elemental abundances starting from different incomplete data sets, as obtained from different solar system components. It is: the evolution of the Sun has occurred preserving the relative abundances of metals. We find that, although the absolute photospheric abundances of heavy elements decrease with time mainly due to microscopic diffusion, their relative ratios remain almost unaltered. Few exceptions concern lithium and elements having long-lived radioactive isotopes. However, these elements represent a very small fraction of the total metallicity, so that we can safely conclude that a unique value of the R parameter can be used to combine photospheric and meteoritic data sets (see Eq. (3)). The value estimated by means of our SSMs is in very good agreement with the one obtained by comparing spectroscopic and meteoritic measurements of a selected sample of refractory elements. The inclusion of radiative acceleration and a detailed evaluation of the partial ionization in the computation of the diffusion coefficients are not expected to modify the general conclusions of the present work, even if a more precise derivation of the absolute solar composition should deserve a proper treatment of these phenomena.
Then, the absolute abundances of the solar photosphere and those of the early solar system have been obtained. In particular, the computed photospheric abundances can be used to evaluate the total metallicity and the absolute composition of stars for which the [Fe/H] and eventually [α/Fe] have been measured. Note that the procedure described in section 5 allows the determination of the current age photospheric values of the total metallicity and of the heavy elements absolute abundances of stars. These quantities have not to be confused with those of the material from which the star formed. The latter can be evaluated only doing additional assumptions about the modification of the photospheric chemical pattern, which differs from star to star, depending on the evolutionary status, the mass and the chemical composition.
Different compilations of solar abundances imply a different Z − [Fe/H] relation for stars having scaled solar composition. When, as usual, the input composition of a (scaled-solar) stellar model is compiled starting from the measured [Fe/H], it should be recalled that it depends on (Z/X) ⊙ . Thus, the choice of a different solar abundance compilation leads to different Z, even if the solar iron is not changed. Such an effect is particularly severe when passing from the classical AG89 compilation to the more recent Lo03.
Recently Drake & Testa (2005) have suggested that the solar abundance of Neon has to be increased. Such a conclusion is based on the evidence that nearby solar-like stars have an almost constant Ne/O ratio which results about 2.7 times larger than the solar value, as determined from spectra of solar wind and solar corona (see also Cunha, Hubeny & Lanz 2006) . However, on the base of the analysis of solar active region spectra, Schmeltz et al. (2005) argued that such a "enhanced-neon hypothesis" is not founded for the Sun. In any case, if the photospheric solar neon abundance is increased according to Drake & Testa, the corresponding (Z/X) ⊙ should increase up to 0.02016. By using this "Ne-enhanced" mixture in the computation of SSM, we obtain Y in = 0.27963, Z in = 0.01653, Y ⊙ = 0.2477, Z ⊙ = 0.01487 and R CE = 0.7238R ⊙ . Let us finally mention that while we were working at the revision of the original manuscript, Antia & Basu (2006) have presented an independent determination of the solar photospheric metallicity. By using the dimensionless gradient of the sound-speed, as derived by the inversion of solar oscillation frequencies, they obtain Z ⊙ = 0.0172 ± 0.0002, which is consistent with the theoretical value obtained by adopting the GS98 distribution of heavy elements. Unfortunately, the adopted method is only sensible to the total value of metallicity and it is largely independent on the relative elemental abundances, so that we can not draw definitive conclusion concerning the distribution of individual elements. On the base of our models we can only confirm that SSMs computed by adopting the "old" compilation of heavy elements abundances (from AG89 to GS98) better reproduce the physical properties of the current Sun as obtained by the helioseismic measurements.
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